In this work we demonstrate that a free-standing van der Waals heterostructure, usually regarded as a flat object, can exhibit an intrinsic buckled atomic structure resulting from the interaction between two layers with a small lattice mismatch. We studied a freely suspended membrane of well aligned graphene on a hexagonal boron nitride (hBN) monolayer by transmission electron microscopy (TEM) and scanning TEM (STEM). We developed a detection method in the STEM that is capable of recording the direction of the scattered electron beam and that is extremely sensitive to the local stacking of atoms. Comparison between experimental data and simulated models shows that the heterostructure effectively bends in the out-of-plane direction, producing an undulated structure having a periodicity that matches the moiré wavelength. We at-1 arXiv:1702.02836v1 [cond-mat.mtrl-sci]
In contrast to previous works, where thick (bulk) hBN was used as a substrate for singlelayer graphene, we investigate here a freely suspended heterostructure consisting of monolayer graphene on monolayer hBN. Since the sample does not have a rigid support, fundamental phenomena governing the interaction between the two crystals can be accessible in the absence of external perturbations. The structure is investigated via transmission electron microscopy (TEM) and scanning transmission electron microscopy (STEM), using low electron energies (80 keV for TEM and 60 keV for STEM) in order to minimize radiation damage. 8 In our STEM investigation, we use a detection scheme that is very sensitive to small local tilts of the sample, which allows us to obtain the 3D shape of the heterostructure through a comparison to model structures.
To fabricate the sample we started with a freshly cleaved hBN crystal on top of an oxidized Si wafer. A single layer hBN flake, chosen by direct optical observation, was picked up by a single layer graphene attached to a PMMA membrane following the method described in Ref. 9 and illustrated graphically in Fig. 1a . The dry transfer method ensures an extremely clean interface between the flakes. Because both hBN and graphene cleave preferentially along their main crystallographic directions, during the transfer procedure we used flakes with well-defined facets and aligned them (within a precision of 1.5°) using a rotating positioning stage under an optical microscope. The resulting bilayer was then transferred onto a gold Quantifoil(R) TEM grid, where portions of the heterostructure are freely suspended on holes measuring approximately 1.5 µm in diameter (see side view in Fig. 1a) . A thin layer of Pt was deposited on the TEM grids (prior to attaching the 2D sample) in order to reduce hydrocarbon contamination.
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The heterostructure was first investigated in a conventional TEM (Philips CM200) operated at room temperature at 80 kV. shows the electron diffraction pattern obtained by illuminating the whole suspended area of the sample. Two distinct sets of diffraction spots with hexagonal symmetry and 1°relative angular rotation can be observed. Because of the mismatch between the lattice constants of graphene and hBN (1.8%, with hBN being the larger of the two), it is possible to assign the outer and the inner set of spots to the graphene and to the hBN lattice, respectively.
The green and the blue arrow in Fig. 1c indicate one graphene and one hBN diffraction spot, respectively. The combination of lattice mismatch and relative rotation is expected to produce a moiré superlattice as already observed by AFM and STM in other works for the case of graphene on bulk hBN. 3, 4, 7, [11] [12] [13] The moiré interference pattern can be conveniently visualized in the TEM: Fig. 1d shows a dark field (DF) image of the same area of Fig. 1b , acquired with a sample tilt of 16°. Fig. 1e shows the area inside the yellow square in Fig. 1d at higher magnification. The tilt axis in the reciprocal space is indicated by the dotted black line in Fig. 1c and the objective aperture used for DF imaging is marked by a red circle.
Note that the objective aperture was large enough to contain both one graphene and one hBN spot. In contrast to the BF image, here a strong modulation of the intensity appears, with bright spots arranged in a triangular lattice. The periodicity of this modulation is 9.8 nm, very close to the predicted moiré period of 9.9 nm for a 1°misaligned graphene/hBN bilayer.
14 Interestingly, at some locations the moiré interference pattern is completely suppressed (marked by arrows, corresponding to the same locations marked in Fig. 1b) . We interpret these regions (which also appear much darker in the BF image) as pockets of contamination trapped between the layers, as reported previously on the basis of cross-sectional TEM imaging. 15 At these locations, the two layers are effectively separated by amorphous contamination and the diffraction conditions for moiré interference are suppressed. Indeed, the presence of the moiré in the DF-TEM images indicates that most of the graphene/hBN interface is atomically clean. Therefore, the clearly visible homogeneously distributed contamination, similar to what is typically seen in TEM studies of graphene, must be on the outer surfaces of the heterostructure.
Further investigation on this sample was performed in a Nion UltraSTEM 100 operated at 60 kV. it is evident that the AB region is the largest of the three. Indeed, as drawn in Fig. 3a , the AB region measures 55 nm 2 , while the AA region is 34 nm 2 , and the AB' region is 32 nm 2 .
To get more insight into the local atomic stacking and to ultimately understand the reason behind the different sizes of the three moiré regions, we modified the detection mode of the STEM to extract information on the preferential scattering direction of the electron beam after interaction with the sample. A schematic drawing of the experimental setup is shown in Fig. 3b . We used a charge-coupled device (CCD) camera to record a twodimensional image of the scattered electron beam at every probe position during scanning, in a conceptually similar way as reported in Ref. [18] [19] [20] , with the substantial difference that the DF signal instead of the BF disk was recorded in this experiment. The very intense bright field disk was shielded using a custom made aperture consisting of a copper disk and on the AB stacked regions, produce strong isotropic scattering of the beam around the center of the detector, with the AA region being the stronger scatterer of the two (as can also be seen from MAADF images). Regions 2 and 4 are respectively selected slightly off the centers of AA and AB spots and in the corresponding scattering images the intensity is preferentially accumulated on one side of the detector. Finally, the center of mass of the detected intensity for regions 3 and 6 is at the center of the image, but the signal shows a two-and three-lobe geometry that mirrors the local symmetry of the corresponding regions.
Since this signal is very sensitive to the local (projected) stacking of the two layers at each position, the comparison to simulated data from model structures allows us to establish the 3D structure of the free-standing bilayer heterostructure.
To quantitatively evaluate the preferential scattering direction we take the diffracted intensity in the annular dark field pattern and measure its center of mass (annular center of mass, abbreviated as ACOM in the following) for each pixel of the scan. A representation in polar coordinates (r and ϕ) is used as schematically illustrated in Fig. 3b . Examples of the calculated r and ϕ values of the scattered intensities for the six considered regions are noted in Fig. 3c . Here, the position of the ACOM is also indicated by a red cross in each image, showing that only for regions 2 and 5 the ACOM is significantly displaced from the center of the detector. Fig. 4a shows a map of the same sample region of Fig. 3a obtained by assigning to each pixel the r value of the ACOM of the corresponding diffracted intensity encoded by a gray scale, where black and white colors correspond, respectively, to r = 0 and r = r max . As expected from the considerations above, the map shows minima at the center of the moiré spots, indicating perfect symmetry, and maxima around these points, where the stacking offset produces prevalent electron scattering in one direction. Note that points halfway between two adjacent moiré spots are also dark. This is because in these regions the atomic stacking is perfectly halfway between two high-symmetry configurations and the coordinate r of the ACOM goes to zero (see regions 3 and 6 of Fig. 3c ). To this end we computed a relaxed graphene/hBN model by energy minimization using a combination of density functional theory (DFT) calculations and empirical potentials as explained in the following. Note that the combination of the two methods is a key point here, since full-scale DFT would be computationally prohibitive for a moiré unit cell consisting of ∼16000 atoms, while empirical potentials have not been reported so far for the case of graphene on hBN. In order to determine the energy landscape of graphene on a hBN monolayer we followed the same approach as in Ref. 21 , where several DFT methods for simulating the van der Waals interaction between the two layers were examined. For this work, the vdW-DF2 method 22, 23 was preferred over the computationally expensive manybody adiabatic fluctuation-dissipation theorem method 24 and the DFT-D2 method, which accounts for long-range interactions through the addition of a semi-empirical term. 25 A supercell consisting of eight atoms (four carbon, two boron and two nitrogen atoms) was constructed and we calculated the interaction energy between the two layers defined as Fig. 4a ), the orange lines are the simulated profiles of the rigid model (Fig. 4c ) and the blue lines are the simulated profiles of the relaxed model (Fig. 4d) .
is in agreement with existing literature 21, 26 (note that in Ref. 21 The initial and the fully relaxed models are presented in Fig. 6a and b, respectively, with the three stacking types marked. The relaxed model visibly distorts in the out-of-plane direction, forming a wavy structure with a periodicity that matches the moiré superlattice.
In particular, the AB region is found at a smooth bulge having the concavity on the graphene side, while at AA and AB' regions the structure has sharper kinks with the concavity facing the hBN side. The total amplitude of the corrugation is ∼8.5 Å for each layer. The results of our relaxation are in good agreement with the theoretical prediction of Ref. 32 .
STEM simulations based on the relaxed model were performed and the resulting r and r + ϕ maps are shown in Fig. 4d and g, respectively. Although the rippling changes the positions of the moiré spots, the distances and relative angles between them do not change.
Rather the main change to the moiré introduced by the rippling is the size and shape of the spots. In particular the rippling expands the AB region and causes the AA and AB' regions to become more triangular, in much better agreement with the experiment. The intensity profiles for the map of the relaxed structure are shown in Fig. 5a -c as blue solid lines. In Fig. 5a and c the experimental and the simulated data based on the relaxed model now show excellent agreement, with both central minima being accurately reproduced. In other words, the plots from AA to AB (Fig. 5a ) and from AB to AB' (Fig. 5c ) allow us to clearly distinguish the rigid, flat model from the relaxed, rippled structure. Along the line from AA to AB' (Fig. 5b ), no significant difference between the flat and rippled model can be identified. This is not surprising because there is neither significant out of plane deformation nor in-plane lattice distortion (discussed further below) along this particular line in the relaxed structure. We also note that, while the positions of the maxima and minima in the profiles for the experiment and the simulation now match extremely well, the maximum amplitudes of the r values still deviate slightly (in Fig. 5b and c the simulations slightly underestimate the amplitude near AA and AB, while they are overestimated near AB'). This can not be due to inaccuracies in the structure model, because distortions in the membrane shape and layer alignment would shift the positions of maxima and minima, but not affect their amplitude. Nonlinearities of the detector, aberrations in the electron optics between sample and detector, or remaining inaccuracies in modeling of the scattering might be the reason. It is important to point out that none of these effects would affect the locations of the minima in r , since the minima reflect special cases in the symmetry of the projected structure. At this point, we will also comment briefly on how the ACOM analysis would compare to analyzing the MAADF intensity: each of the ACOM profiles as discussed above features two maxima and three minima, making the position of the central minimum very sensitive to the transition point between adjacent stacking types. A profile through the MAADF intensity, on the other hand, only has two side maxima with a single broad central minimum, which makes it very difficult to distinguish tiny differences in the stacking transition.
The superior match between the experiment and the relaxed rippled model indicates it is far more realistic than the flat model. We therefore compute the strain maps for the two layers in the relaxed structure. As shown in Fig. 6d , the interatomic distances for both graphene and hBN are not constant but modulated with a periodicity matching the moiré wavelength. In particular, graphene tends to stretch at AB regions and compress along lines connecting AA to AB' regions, while hBN appears mostly unstrained, with small local stretching accumulated at AA and AB' regions. From the strain distribution in each layer we extract the lattice mismatch as shown in the map of Fig. 6e . Here it can be clearly seen how the two layers attempt to minimize the mismatch at the AB regions, while at AA and AB' the mismatch is significantly larger. This behavior can be explained by taking into account two conflicting effects, as already discussed in Ref. 7 . As we demonstrated, AB is the most energetically favorable stacking type and the two crystals will attempt, by a combination of stretching and compression in each layer, to extend laterally this favorite stacking and thus to gain in van der Waals energy, at the expense of the AA and AB' regions that will necessarily shrink. This behavior is in contrast to the elastic energy of the crystals' lattices, which scales with the square of the strain and therefore attempts to restore the intrinsic lattice constants. The equilibrium is reached when these two competing forces cancel out.
Note that the smallest value of lattice mismatch is ∼1.2%, indicating that the two lattices are never found in a completely synchronous state.
In conclusion, we have presented here a TEM study of a free-standing 2D van der Waals heterostructure consisting of a well aligned bilayer of graphene on hBN. Dark field imaging in a conventional TEM confirms that the contaminants trapped between the two layers are squeezed into a few isolated pockets, leaving most of the heterostructure with an atomically clean interface. A direction sensitive acquisition mode for the scattered electron beam of a STEM was developed and employed to extract in-depth information on the local atomic heterostructures, usually regarded as pure 2D materials, should be effectively considered as 3D objects, with van der Waals interlayer forces playing a key role in determining the in-plane strain and out-of-plane deformation of each layer.
